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The Fukushima nuclear accident has highUghted the importance of finding a better final storage method for 
radioactive cesium species. Cs is highly soluble in water, and can easily exchange with other alkali ions in 
zeolites or clays to form stable complexes. However, Cs^ is released from Cs"^ complexes into water when 
surrounded by an excess of water. Pollucite may be the best final storage option for Cs^, but its typical 
synthesis requires heating to about 1200°C in air. Here, we show that the hydrothermal synthesis of 
pollucite can be completed at 300 °C in three hours from any zeolite or clay. Furthermore, our procedure 
does not require ion exchange before synthesis. Radioactive Cs is usually found in complexes with clays. At 
that time, this method only requires calcium hydroxide, water, and three hours of hydrothermal synthesis, 
so the process is both inexpensive and practical for large-scale application. Pollucite is an analog of analcime 
zeolite, and contains a channel system 2.8 A in diameter, which is formed by 6-oxygen rings. As the diameter 
of Cs"^ is 3.34 A and each Cs^ exists independently within a separate portion of the channel, Cs^ cannot exit 
the pollucite framework without breaking it. 

After the Fukushima nuclear accident on March 11, 2011, there are still strong emissions of radioactive 
cesium near the nuclear power plant. The removal and final storage of this cesium is an urgent issue, 
especially since no good final storage method has yet been discovered. Generally speaking, radioactive 
cesium is very soluble in water, like other alkali metal elements, but it also binds strongly with clays^'^, so the 
resulting spread of radiation will cover a wide area and continue for a long time. Many studies have described the 
successful immobilization of cesium^, but all of the reported methods are suitable for high-level nuclear waste. 
Radioactive cesium was spread out over a very wide area around the Fukushima nuclear power plant, and most of 
it is now tightly bound to the clay in the soil. It is very difficult to release these radioactive cesium ions without 
breaking layer structure of the clay. This will greatly increase the total cost of cleanup. Our procedure will directly 
convert Cs-clay complex into pollucite. 

Pollucite belongs to the analcime zeolite family^"^, and is one of the best final storage options for radioactive 
Cs^"^° because it has an appropriately sized channel and does not release the radioactive Cs"^ ions without 
complete destruction of the zeolite framework^^. Figure 1 shows the channel system in pollucite and several 
Cs"^ ions. The distance between two Cs"^ ions in the channel is 5.92 A^^'^^. The channel is constructed from 6- 
oxygen rings and has a diameter of 2.8 A^^"^^ The diameter of the Cs"^ ion is 3.34 A^^, so that after the pollucite has 
formed, it cannot release the trapped Cs"^ ions without destroying the zeolite framework. Pollucite is a natural 
mineraP^, and is also the principal source of elemental cesium^^ This means that Cs"^ ions within natural pollucite 
are not released, even over a long period of time. Unfortunately, pollucite is normally synthesized at about 1200°C 
in air^^"^^, or hydro thermally from certain specific zeolites. For example, chabazite transforms into pollucite at 
240°C in 6 days^^ and phillipsite changes into pollucite at 300°C in 13 hours^^. 

We show here a very promising storage method for radioactive Cs. The synthetic mixture had the following 
molar composition: lCLP-10.5AlCl3-32Ca(OH)2-32CsCl-2300H2O, where CLP represents clinoptilolite (Na, 
K)6Al6Si720i96.nH20, an abundant natural zeolite. Only stable Cs was used in the present experiments. 
Pollucite was synthesized at 300°C in 3 hours by hydrothermal synthesis, and the hydrothermal pressure was 
about 8.5 MPa. Pollucite was also synthesized in 3 hours from mordenite (MOR), which is another rich natural 
zeolite, and even from smectite clay (SMT) at 300°C. All yields were close to 100%. At 240°C and 3 MPa, pollucite 
can be completely synthesized in 12 days from MOR and in 6 days from CLP, and in a single day from SMT. X-ray 
fluorescence based elemental analysis of pollucite yielded the following results: Si : Al : Cs : Ca = 32 : 15 : 14.3 : 1.0 
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Figure 1 | Illustration of pollucite. PoUucite has the same framework and 
the same channel system as analcime, so that Cs^ ions were added into 
the analcime framework illustrated by Breck^*^. The diameters of the 
6-oxygen ring and the Cs^ ion are 2.8 A and 3.34 A, respectively. 

(from MOR), 32 : 20.2 : 11.8 : 0.2 (from CLP), 32 : 12.2 : 10.8 : 0 (from 
SMT), and 32 : 14.5 : 11.4 : 0 (from natural pollucite). XRD data for 
pollucite formed from CLP are shown in Fig. 2, with pollucite pat- 
terns calculated from the reference The pattern is the same as the 
patterns shown on ICDD card number 00-029-0407, PDF2 files. The 
synthetic process is shown in Fig. 3, and a photograph of the synthe- 
sized pollucite is shown in Fig. 4. 

It is generally recognized that pollucite is the best storage medium 
for radioactive Cs, but the synthetic method in air at 1200°C is very 
expensive and exhibits a problematic Cs volatihzation at 1200°C. 
Fortunately, the cost can be drastically reduced by employing a 
three-hour hydrothermal synthesis with Ca(OH)2 at 300°C. This 
method is also very environmentally friendly, because no reagents 
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Figure 3 | Crystallization curve for the formation of pollucite from 
clinoptilolite at 300 °C. X-ray intensity vs. synthetic time (hours). 

other than Ca(OH)2 are used, and there is no significant Cs volat- 
ilization in the hydrothermal synthesis. Almost all other known stor- 
age methods involve ion-exchange substances, which all release 
absorbed radioactive Cs into the environment sooner or later^ with- 
out special treatment^^ after adsorption. On the other hand, pollucite 
sequesters each Cs ion in a separate compartment, and the doorway 
to this compartment is smaller (2.8 A in diameter) than the Cs ion 
itself (3.34 A in diameter). Therefore, the Cs ion is not easily released 
from the pollucite framework, even if the framework becomes 
cracked. Only by breaking the framework completely apart can the 
Cs ion be released^^'^^. We focus on the final storage of radioactive 
cesium released into the environment. In this case, beta radiation 
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Figure 2 | XRD patterns of pollucite from clinoptilolite at 300 °C. 
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Figure 4 | Photos of synthetic pollucite at 240 °C. The samples were 
treated with 0.1 N HCl for one hour to dissolve the CaCO^. (a) 12 days 
from mordenite, and (b) 6 days from clinoptilolite. 

results in transmutation, which changes both the ionic radius and 
valence of the element undergoing decay. The radiation damage over 
20 years has been researched, and the results indicate that the pollu- 
cite structure remains remarkably unaffected by this transmuta- 
tion^^. Pollucite contains many Cs ions (more than 40 wt%) in its 
framework, is quite heavy, with a specific gravity of 2.94^^, and is 
insoluble in water. Therefore, synthetic radioactive pollucite should 
be sunk to the bottom of lakes and ponds rather than buried under 
the ground. This procedure is the safest, easiest, and least expensive 
option. Our method is to directly convert radioactive Cs in the soil 
into pollucite. The produced pollucite in the soil is very stable to 
water, heat, and transmutation for a long time, although the method 
does not reduce the volume of soil containing radioactive Cs. We 
believe that the produced pollucite is so fine (less than 10 micro- 
meters in particle diameter), and capable of solidification in cement 
along with the soil. The resulting compact cement blocks should be 
sunk into a lake or the sea rather than buried in the ground. It is not 
always the best way to concentrate radioactive cesium from the soil. 
As the concentration of radioactive cesium increases, the risk of 
radiation damage will increase, and the efficiency of processing the 
contaminated soil will worsen. 

Methods 

The synthetic mixture had the following molar composition when using MOR or 
SMT instead of CLP: lMOR-12AlCl3-30Ca(OH)2-40CsCl-2300H2O or ISMT- 
1.5AlCl3-33Ca(OH)2-33CsCl-2300H2O, respectively. MOR represents mordenite 
(Na8Al8Si4o096.24H20) and SMT indicates smectite, a kind of clay with the following 
chemical composition: Si02(63.8 wt%), Al203(24.9 wt%), CaO(0.6 wt%), 
Na20(3.7 wt%), and K2O(0.1 wt%). The unit cell formula of pollucite is 
Csi6Ali6Si32096, and AICI3 was added until the concentration ratio of [Al] to [Si] 



became 1/2 in the synthetic mixture. Ca(OH)2 was also added until the ratio of [OH] 
to [Si] became 1 in the synthetic mixture. Hydrothermal syntheses were carried out at 
240°C for 1, 2, 4, 6, 8, 10, 12, 14, and 16 days and at 300°C for 0.5, 1, 3, 6, 12, and 24 
hours. 
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